We present the design and performance of broadband and tunable infrared-blocking filters for millimeter and sub-millimeter astronomy composed of small scattering particles embedded in an aerogel substrate. The ultralow-density (< 100 mg/cm 3 ) aerogel substrate provides an index of refraction as low as 1.05, removing the need for anti-reflection coatings and allowing for broadband operation from DC to above 1 THz. The size distribution of the scattering particles can be tuned to provide a variable cutoff frequency. Aerogel filters with embedded high-resistivity silicon powder are being produced at 40-cm diameter to enable large-aperture cryogenic receivers for cosmic microwave background polarimeters, which require large arrays of sub-Kelvin detectors in their search for the signature of an inflationary gravitational-wave background.
INTRODUCTION
Millimeter-wave cryogenic receivers require rejection of infrared (IR) radiation to reduce thermal loads on the cold stages of the cryostat. As telescope apertures increase in diameter to accommodate larger focal planes, the requirements for infrared filtering become more stringent, while the fabrication of filters becomes correspondingly more difficult. This is a particular problem for current cosmic microwave background receivers, which have receiver apertures approaching 1 m in diameter. [1] [2] [3] [4] [5] For such large apertures, IR rejection at 1 part in 10 6 is required to enable operation of the focal plane array at sub-Kelvin temperatures.
A variety of approaches have been developed to meet this challenge. Reflective metal-mesh filters, composed of patterned metal films on a thin dielectric substrate, have been widely used. [6] [7] [8] [9] Capacitive grids provide strong (> 30 dB) IR rejection with minimal loss at millimeter wavelengths. There are diminishing returns when using multiple reflective filters as reflections from subsequent filters need to transmit through filters further up in the stack to escape the cryostat. Absorptive filters have also been extensively used, in which a material with low loss at millimeter wavelengths but strong absorption in the IR absorbs power and conducts it to higher-temperature stages of a receiver. [10] [11] [12] Materials used for this purpose include polytetrafluoroethylene (PTFE), nylon, and alumina. Absorbing filters require anti-reflection coatings and lose effectiveness as their diameter increases, because the centers of the filters tend to heat and re-radiate further down the optical chain. Low-refractive-index foam materials have been used, which scatter and absorb IR power due to their pore size, and then radiate some of that absorbed power back out of the receiver.
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We here present the design, fabrication, and performance of highly-transparent, broadband, and tunable IR-blocking filters composed of small scattering particles embedded in an aerogel substrate. They are made to diffusely scatter infrared radiation to a wide range of angles.
14, 15 The ultra-low-density (90-200 mg/cm 3 ) aerogel substrate has a low index of refraction, removing the need for an anti-reflection coating and allowing for ultra-broadband operation across the full range from zero frequency to greater than 10 THz. The size of the scattering particles can be tuned to give variable cutoff frequencies.
Two aerogel materials were investigated for this work: a classic silica aerogel and a flexible and mechanically robust polyimide aerogel. Silica aerogel samples 12 mm × 50 mm × 50 mm were successfully fabricated with densities of 90 mg/cm 3 and silicon loading of 17 and 35 mg/cm 3 with silicon particle size distributions of 60-75 µm and 75-100 µm. Polyimide aerogels were produced in rolls 43 cm × 2 m with thicknesses of 0.3-0.5 mm and silicon loading of 3 and 5 mg/cm 3 with silicon particle size distributions of 50-75 µm and 75-100 µm. Reference samples of unloaded aerogel were produced for both silica and polyimide aerogels.
FILTER FABRICATION AND SAMPLE DESCRIPTION
Aerogels are made by supercritical drying of a gel, typically using carbon dioxide. Silicon powder is mixed into the gel before curing and supercritical drying. Silica aerogel samples were produced by Ocellus, Inc.
* Polyimide aerogel samples were produced at NASA Glenn Research Center as described in previous publications. 16, 17 The polyimide aerogel rolls were produced through a roll-to-roll process, in which the sol was cast to a carrier plastic film in a uniform thickness, allowed to gel, and then dried using supercritical extraction of CO 2 . Table 1 . Summary of samples measured. The model assumes index of refraction of 1.7, 2.0, and 3.4 for polyimide, silica, and silicon, respectively. The silicon powder was produced from p-type, boron doped, float-zone silicon wafers with resistivity > 10 kΩ-cm by pulverizing by hand in a mortar and pestle or using a ball milling machine and then sieving to produce powder with a given size distribution.
Silica aerogel samples were initially produced in two base aerogel densities of 50 and 90 mg/cm 3 with a loading of 75-100 µm silicon particles at a density of 35 mg/cm 3 . The two initial samples were 50 mm x 50 mm x 12.5 mm in size. The 50 mg/cm 3 sample was found to be too fragile to reliably mount in sample holders for optical measurements, so all further development focused on 90 mg/cm 3 aerogel density. Three further samples were produced and measured with sizes of 50 mm x 50 mm x 3 mm, labeled Samples 1-3, as summarized in Table 2 . A reference aerogel was produced with no silicon powder and samples with 17 mg/cm 3 and 35 mg/cm 3 silicon loading density with a particle size distribution of 60-75 µm were produced. The initial thicker sample is labeled Sample 4.
Three polyimide aerogel rolls were produced with a nominal density of 200 mg/cm 3 in sizes approximately 420 mm x 2000 mm and thicknesses in the range 0.3-0.5 mm. Measured values of density are given in Table 2 . Sample 5 is a reference sample with no silicon powder, Sample 6 was loaded with 50-75 µm silicon powder, and Sample 7 was loaded with 75-100 µm silicon powder. The addition of silicon powder may decrease shrinkage of the aerogel during supercritical drying, but further investigation is needed to establish this. 10 3 Freq ( (estimated n = 1.04) and silicon particles embedded at a density of 35 mg/cm 3 with sizes of 25 µm, 50 µm, and 75 µm, demonstrated the ability to tune the cutoff frequency with particle size.
OPTICAL DESIGN

Low-frequency performance
The filter response is modeled using a combination of effective-dielectric and Mie scattering theory. Example model outputs are shown in Fig. 1 . For wavelengths that are large compared to the scattering particle size and separation, the aerogel plus scatterers will behave as a composite material of air, the aerogel matrix material, and silicon. The aerogel without scatterers will have an approximate effective dielectric constant given by Maxwell-Garnett theory 18-20 of:
where a and m are the dielectric constants of the aerogel and the aerogel matrix material, respectively, and f a is the volume filling fraction of material in the aerogel. The nanoporous structure of typical aerogels allows them to behave like effective dielectrics well into the infrared and on length scales associated with the scattering particles used in this work (> 1 µm).
The inclusion of a small filling fraction of scattering particles increases the dielectric constant. For the small filling fractions ( 1%) used in the scattering filters, it is valid to calculate an effective dielectric constant for the base aerogel and then use Maxwell-Garnett theory again to calculate a new effective dielectric constant
where a is the aerogel dielectric constant calculated from Eq. 1, s is that of the scattering particles, and f s is the volume filling fraction of the scattering particles in the medium.
The reflection at normal incidence for such a film with a thickness t is calculated in standard texts: of refraction in the range 1.04-1.13. For a material in the middle of this range withn = 1.10, the maximum reflectance is 0.9% and the average reflectance across all frequencies is < 0.5%. Judicious choice of filter thickness for a given observing band can reduce reflections from the filter to levels of 0.1%.
The samples show measured indices of refraction above that predicted from Maxwell-Garnett theory given the bulk properties of silica, polyimide, and silicon alone. This may indicate a difference between the bulk properties and the properties of the materials in the gel matrix or the presence of other adsorbed materials, such as water, facilitated by the high pore surface area of the aerogels.
Scattering at high frequency
Optical scattering theory has been developed extensively in the literature. 22, 23 The scattering of light from spherical particles can be solved analytically. 24 The scattered intensity can be expanded as a sum of Bessel functions and depends on the ratio between the size of the spherical particle and the wavelength of light, as well as the scattered direction and indices of refraction of the medium and the scatterers. For a medium containing many small scatterers, transmission through the medium can be shown to depend solely on the forward-scattered amplitude, Q sca . See Appendix A for further details.
The specific intensity of light passing through a medium of scatterers is attenuated as
where N is the volume density of scatterers, a is the particle radius, and z is the distance traveled through the medium. The attenuation coefficient has been defined as γ = N πa 2 Q sca .
The attenuation through a scattering medium with a distribution of sizes can be straightforwardly handled by integrating over the particle size. If the number of scatterers per unit volume is a function of particle radius, N (a), then the attenuation coefficient is
Using this model, we are able to estimate the frequency cutoff of our filters in the limits that:
1. The particles are roughly spherical. This is not strictly true, but is a reasonable first approximation for randomly-oriented nearly-spherical particles and is particularly relevant for long wavelengths.
2. Scattering is not strong enough for multiple scattering events to play a significant role. 
Integrated Model
The complex dielectric constant estimated from Maxwell-Garnett theory in Sec. 3.1 can be combined with the additional attenuation, γ, estimated from Mie scattering theory in Sec. 3.2. The attenuation due to scattering contributes to the complex part of the dielectric constant to give a total effective dielectric constant of
This dielectric constant can then be incorporated into a transfer-matrix code for calculation of the expected transmission spectrum of a given filter. An example of model outputs for silica aerogel filters 5 mm thick with silicon particles embedded at a density of 35 mg/cm 3 of three different sizes (25 µm, 50 µm, and 75 µm) is shown in Fig. 1 . We note that because our particles are not spherical and multiple scattering plays a role at high frequencies, the model does not reproduce filter response in great detail. Rather the model is used to guide filter design to choose appropriate particle size and loading volume percentage to achieve a desired cutoff frequency.
MEASUREMENTS
Transmission and reflection data were taken of samples to evaluate their performance. The silica aerogel samples were measured in transmission using a time-domain THz spectroscopy system 25 for frequencies 0.15-1.5 THz and a Bruker FTS for transmission at frequencies of 1.5-200 THz. Polyimide aerogel samples were measured using a Bruker FTS for infrared transmission across frequencies 1-18 THz and a quasi-optical vector network analyzer (VNA) setup for reflection at W band (75-110 GHz). VNA reflectance measurements were taken multiple (∼ 5) times with sample positions translated by approximately λ/5 each time, following the method outlined in Ref. 26 .
Silica aerogel filters were mounted in holders with 8 mm diameter apertures after being cut to size with a diamond wire saw. Stycast 2850 epoxy was mixed and allowed to get tacky before application, as it was found that otherwise the epoxy wicked into the aerogel samples and caused fracturing. Polyimide aerogel samples were mounted on sample holders with aperture diameters of 125 mm for VNA measurements and 12.5 mm for FTS measurements using double-sided pressure-sensitive adhesive tape. frequency by choice of silicon loading density and particle size distribution. Figure 3 summarizes measurements of polyimide aerogel samples with the VNA setup, demonstrating high transmission (> 99%) and low reflection (∼ −25 dB or 0.3%) at W band. Figure 4 shows FTS transmission spectra in the IR across the range 1-18 THz for the three polyimide samples, along with a photograph of one of the polyimide aerogel rolls. The FTS IR transmission data highlight the need for further investigation of filters with higher silicon powder loading and lower IR absorption.
CONCLUSION
We have fabricated infrared blocking filters composed of ultra-low index of refraction aerogel substrates with embedded silicon scattering particles. Both silica and polyimide aerogel filters were fabricated and tested for transmission and reflection at millimeter and far-IR wavelengths. We have demonstrated the ability of aerogel scattering filters to have (1) high (> 99%) transmission across an ultra-broad bandwidth from DC to 1 THz or higher, (2) > 25 dB rejection of IR power, and (3) a cutoff frequency that is tunable through choice of silicon particle size and loading density.
